The quality of bonding between cement and steel in wells is controlled by the interfacial transition zone (ITZ). Micro-computed X-ray tomography ( -CT) imaging with synchrotron radiation was used in the current paper to study the development of ITZ at the early stages of hydration. The experiments have revealed that the width of the transition zone is around 20 m, which is consistent with earlier reports. Unlike previously published studies, where the ITZ width was estimated with the naked eye, the ITZ in our study was identified using a quantitative procedure that made use of particle size analysis. This analysis revealed that the ITZ is depleted of large cement particles from the very beginning of hydration.
Introduction
Integrity of injection wells at CO 2 storage sites is of paramount importance for preventing CO 2 leakage. Potential leakage paths along a cased and cemented well may be due to flaws (cracks, uncemented channels) in cement or due to debonding at cement-casing and/or cement-rock interfaces. Such debonding and flaws can be caused by in-situ stress changes in the reservoir during injection [1, 2] or by thermal stresses in the near-well area caused by to maintain this flow, an increasingly higher pressure gradient is required in the direction of the yellow arrows as the gap closes. Therefore, pressure builds up in the gap, and this pressure pushes the particle back from the wall. The resultant force (black arrow in Fig. 1 ) applied by the elevated pressure in the gap on the particle surface is the lubrication force. It is this force that prevents large cement particles from approaching the wall.
If the lubrication-based explanation holds, it should be possible to observe the depletion of large particles in the near-wall region from the very beginning of hydration. In order to check this hypothesis, it is necessary to collect high-resolution tomographic images at the early stages of hydration. Such images can be collected e.g. by means of synchrotron X-ray tomography. The synchrotron tomography provides high resolution in both space and time, which enables monitoring of cement structure development in real time during hydration.
The objectives of this study were as follows:
to investigate, to our knowledge for the first time, the development of the interfacial transition zone in cement near a solid wall using high-resolution synchrotron X-ray tomography; to find, by analyzing the particle size distributions at different distances from the wall, whether the nearwall zone is depleted of large cement particles from the very beginning of hydration.
Experiments
Micro-tomographic measurements were carried out at the TOMCAT beamline facility (Swiss Light Source synchrotron at Paul Scherrer Institut in Villigen, Switzerland), using a photon energy of 20 keV. The specimen was prepared by placing Portland G cement paste into a glass tube with the inner diameter of 0.5 mm. Immediately thereafter, the open tube filled with cement was measured over the time in order to study the setting process in-situ. The initial water/cement ratio of the paste was equal to 0.4. This is within the range typical of oil well cements (in field conditions, high water content is intended to improve the pumpability of the slurry). -CT scanning was performed 5 min after the cement had been placed in the tube. 1501 projections over 180 have been acquired with an exposure time of 90 ms per projection. The 2D projections were obtained with a field of view of 0.8 × 0.6 mm 2 , a pixel size of 0.33 × 0.33 m 2 , and a detector-sample distance of 78 mm. At this distance the absorption contrast is enhanced because of the phase contrast. For the reconstruction of the absorption-constrast 2D projections, the ANKAphase software was used [13] . An image of the tube's cross section is shown in Fig. 2 . The near-wall zone of disturbed packing is visible in Fig. 2 .
Image visualization and analyses were carried out using the VGstudio software.. The calculations of the particle volume, particle surface and minimum distance from particle's surface to wall were done in a 3D filtered volume over 253 slices. 
Particle size distribution in the near-wall zone
Since our goal in this study was to investigate what is happening in cement near the wall at the very beginning of hydration, only the first scan (the one collected after 5 min of hydration) was analyzed for the particle size distribution. For each particle in the scan, the following parameters were obtained from the -CT images:
Cartesian coordinates of particle's centroid; particle volume; particle surface area; minimum distance from particle's surface to wall (this parameter is simply called "distance to wall" in the remainder of the paper).
We need to discriminate between "large" and "small" particles in our analyses. Since the shape of cement particles is rarely spherical, an equivalent particle size must be defined, to begin with. There are a number of ways to define the equivalent diameter. In particular, the equivalent size of an irregularly-shaped particle can be defined as the diameter of a spherical particle having the same volume as that of the irregularly-shape particle [15] . This method was employed in our analyses.
In order to quantify the particle size distribution and its variation with distance to wall, two methods were designed and applied to the first -CT scan (the scan collected after 5 min of hydration). In the first method (Method A), the relative number of "large" particles was evaluated in two layers, first layer being next to wall and second layer being next to the first layer ( Fig. 3 ). In the second method (Method B), the equivalent particle size was plotted versus particle's distance to wall. 
Method A: relative number density of "large" particles
In this method, we first discriminate between "large particles" and "small particles". To this end, a discrimination threshold needs to be assigned for the particle volume. In this study, two analyses were performed, with the discrimination level chosen as two times or one time the average particle volume in the sample. Particles having the volume above this discrimination threshold were labelled "large". Particles below the discrimination threshold were labelled "small".
Inner wall of the tube
Second layer
First layer
As explained earlier in this text, our goal was to confirm that there exists a zone depleted of large particles, and to find the width of this zone (its extent from the wall). In order to do the latter, the procedure described below was applied under the assumption of different ITZ sizes. Thus, in each of the two analyses mentioned above, the assumed ITZ width was consecutively assigned different values, from 10 to 100 m. For each of the assumed ITZ width values, the following procedure was applied:
Establish two layers in the tube, the first layer being next to wall, the second layer being next to the first layer. The layers have the same width, equal to the assumed ITZ width. Count large and small particles in each of the two layers. A particle is deemed to be located in the layer if its centroid is within the layer. Calculate the ratio of the large-particle number to the small-particle number for the first layer (next to wall), n 1 , and for the second layer (second next to wall), n 2 . Calculate the ratio of the two numbers, N = n 1 /n 2 .
If the assumed ITZ width is equal to the true ITZ width in the sample, N must be quite low. When the assumed ITZ width increases above the true ITZ width, N is expected to increase as well. When the assumed ITZ width becomes much larger than the true ITZ width, N must become insensitive to the assumed ITZ width since now both layers represent bulk cement, with approximately the same proportions of small and large particles. The value of N must therefore asymptotically approach 1 as the assumed ITZ width increases.
The above procedure was repeated for all assumed ITZ width values, from 10 to 100 m, and the value of N was then plotted as a function of the assumed ITZ width. The resulting plots are shown in Fig. 4 for the discrimination threshold values equal to 2 and 1 times the average particle volume. In both plots in Fig. 4 , the value of N starts increasing rapidly once the assumed ITZ width exceeds 20 m. Thus, based on Method A, the width of the ITZ in this experiment is 20 m.
Oscillations around N = 1 visible in both plots in Fig. 4 are similar to thos reported by Suzuki et al. in their experiments in particle packing [16] .
One of the weaknesses of Method A is that it might undersample large particles in the near-wall layer. Indeed, in this Method, a particle is deemed to lie in a layer if its centroid is in the layer. Thus, a very large particle could almost touch the wall, but still be counted in layer 2 because its centroid is far away from the wall. This drawback of Method A motivated us to apply another, different method to particle size analyses (Subsection 3.2). . Ratio of large-particle number to small-particle number as a function of the particle-wall approach distance. Discrimination between large and small particles is based on their equivalent size. The discrimination level is equal to 20 m (a) and 35 m (b). Region depleted of large particles is highlighted.
Discussion
Experiments described in this paper confirm that it is possible to use high-resolution -CT imaging to study the development of the interfacial transition zone during hydration. Moreover, we have established image analysis procedures that enable us to evaluate the width of ITZ and the particle size distribution within the ITZ and compare the latter to the bulk cement. Such procedures are needed when developing new cements and other sealant materials since they provide an objective, quantitative description of the interface structure. Given two types of cement, X and Y, a plot similar to Fig. 6 could be used to characterize the extent of structural disturbances in cement near the wall. 
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A cement having a flat horizontal curve near the wall would indicate that the cement structure is the same near the wall as in the bulk far away from the wall. The size of the ITZ obtained in this study (20 m) is consistent with earlier reported values of 10 to 50 m. In those studies, the ITZ width was estimated visually from the images [8] or was inferred from the measurements of mechanical properties of cement at different distances from the wall using e.g. micro-or nanoindentation techniques [6] . In this study, we have confirmed the earlier visual observation using a quantitative analysis of particle size distribution in different regions of the sample.
The wall in our experiments was made of glass, a dielectric material. In well construction, the wall is either the casing or the rock. Casing, made of (conductive) steel, has different electric properties than glass. This may affect its interaction with cement since cement slurry usually contains charged particles [17, 18] . Electric properties of the wall might therefore influence the size and structure of the ITZ. The experimental procedures used in this study ( -CT imaging) may be less suitable when the tube is made of steel or other materials poorly transparent to X-rays. The data processing techniques described in Section 3 are free of any limitations and can be used whenever high-quality images are available, with the resolution sufficient for measuring particle sizes and positions.
Additional experiments with the same or different tube diameter should be carried out in future to improve statistics and to study the effect of the surface curvature on the ITZ structure in cement.
Our results are different from earlier reports on particle packing near the wall without interstitial fluid [16] . In those studies, it was found that large particles make a regular arrangement near a wall, which increases the void fraction between large particles. In our study, large particles do not approach the wall. This is apparently due to the interstitial fluid present between the particles. The lubrication force due to this fluid prevents large particles from approaching the wall altogether.
Conclusion
High-resolution -CT imaging makes it possible to study the interfacial transition zone near a cement-wall interface at the early stages of hydration. The experiments on hydration of neat cement in a glass tube have revealed that the width of the transition zone is around 20 m. This value is consistent with earlier reports. Unlike earlier studies, where the width was typically estimated with the naked eye, our estimates of the ITZ width are based on a well-defined quantitative procedure involving particle size analysis. This analysis has also revealed that the transition zone is depleted of large cement particles from the very beginning of hydration. This supports an earlier conjecture that large particles cannot approach the wall during cement slurry placement, which is most likely due to the lubrication force slowing down large particles as they move towards the wall. The imaging procedures and particle size analysis algorithms developed in this study can be used for discriminating between different well sealants with regard to their ability to preserve structure near a solid wall.
